Mutations which cause poor growth at a low temperature, which affect aspects of protein secretion, and which map in or around secY (priA) were characterized. The prlU1012 mutant, previously shown to suppress a secA mutation, proved to have a wild-type secY gene, indicating that this mutation cannot be taken as genetic evidence for the secA-secY interaction. Two cold-sensitive mutants, the secY39 and secY40 mutants, which had been selected by their ability to enhance secA expression, contained single-amino-acid alterations in the same cytoplasmic domain of the SecY protein. Protein export in vivo was partially slowed down by the secY39 mutation at 37 to 39°C, and the retardation was immediately and strikingly enhanced upon exposure to nonpermissive temperatures (15 to 23°C). The rate of posttranslational translocation of the precursor to the OmpA protein (pro-OmpA protein) into wild-type membrane vesicles in vitro was only slightly affected by reaction temperatures ranging from 37 to 15°C, and about 65% of OmpA was eventually sequestered at both temperatures. Membrane vesicles from the secY39 mutant were much less active in supporting pro-OmpA translocation even at 3rC, at which about 20% sequestration was attained. At 15°C, the activity of the mutant membrane decreased further. The rapid temperature response in vivo and the impaired in vitro translocation activity at low temperatures with the secY39 mutant support the notion that SecY, a membrane-embedded secretion factor, participates in protein translocation across the bacterial cytoplasmic membrane.
The secY (priA) gene of Escherichia coli codes for an integral membrane protein that is essential for protein export from the cytosol to the periplasm or the outer membrane. Two classes of mutations in this gene have been characterized previously: priA mutations (10) , suppressing signal sequence mutations, and temperature-sensitive secY mutations (15, 16, 25) , causing pleiotropic defects in protein export. It was proposed that SecY or PrlA may provide a pathway in the membrane for protein translocation (1, 4, 5, 15) . Although the sites of the sec Y and priA mutations have been localized at the nucleotide level (15, 22, 25, 26) , characterization and mapping of additional secY mutations causing different phenotypes should be helpful in our understanding of the structure-function relationships of this multipathway (1) membrane protein. Recently, cold-sensitive (Cs) secretion mutants were isolated by selection based on increased expression of secA under conditions of impaired protein secretion, and some of the mutations were mapped in the secY region (21) . In the work described here, we characterized two Cs sec Y mutants isolated by the abovedescribed selection as well as the priA1012 mutant isolated as an extragenic suppressor of a secA mutation (6) . Sequence analysis showed that the former mutations alter amino acid residues located in the same cytoplasmic loop of SecY, whereas the latter mutation is outside the secY gene. One of the Cs mutants, the secY39 mutant, showed a very rapid response to a temperature shift, and protein secretion was slowed within 1 91405 Orsay Cedex, France. it is proposed that the sec Y39 mutation may affect some catalytic mechanism of the SecY protein.
MATERIALS AND METHODS
Bacterial strains. E. coli MC4100 (8) and MM118 (MC4100 rpsE priA1012 [6] ) were described previously. CU164 (MC4100 secY39 zhd-33::TnlO) and CU165 (MC4100 secY40 zhd-33::TnlO) were constructed as follows. Strain PR478 (an MC4100 derivative carrying (1(secA': :lacZ)181(Hyb) and lysogenic for X pR9 [21] ) was treated with ethyl methanesulfonate and screened for blue colonies on plates containing XG (5-bromo-4-chloro-3-indolyl-p-D-galactopyranoside) and PETG (phenyl-ethyl-thiogalactoside) as described previously (21) . Two Cs mutants, named AJ39 and AJ40, thus obtained were shown to have mutations (named sec Y39 and secY40, respectively) linked to a transposon insertion near secY. These mutations were transferred to the fresh background of MC4100 by first introducing zhd-33::TnJO (25) into AJ39 and AJ40 and then transducing the Cs mutations together with TnJO into MC4100. Transductants that received secY39 and secY40 were named CU164 and CU165, respectively.
AD202 was an ompT::Kan (2) transductant of MC4100. AD208 was a zhd-33::TnlO secY39 transductant of AD202. These ompT::Kan derivatives were used for in vitro translocation experiments.
Sequencing of the secY gene from the mutant strains. The chromosomal DNA (20) of CU164, CU165, or MM118 was digested with PstI, and 2.8-kb fragments, including those containing secY, were isolated and cloned into pUC118 (27) . Clones carrying secY were identified by restriction analysis. Sequencing of the single-stranded DNA (27) In vitro translocation of pro-OmpA. An S140 extract was prepared from AD202 cells (MC4100 ompT::Kan) by the method of Zubay (32) , with the exception that the second ultracentrifugation was done at 140,000 x g for 30 min. pro-OmpA was synthesized with plasmid pRD87 (13) DNA as the template and by the coupled transcription-translation reaction as described by Yamane et al. (30) with some minor modifications, including the addition of cyclic AMP (1 mM) for enhancement of lac promoter-controlled OmpA transcription. Cytoplasmic membranes were prepared from French press-disrupted AD202 (secY) and AD208 (secY39) cells, both of which were ompT defective, by published procedures (31) . For the posttranslational translocation assay, the transcription-translation mixture was supplemented with chloramphenicol (100 ,ug/ml) and mixed with a 1/10 volume of membrane vesicles, the concentration of which had been adjusted to 3.4 mg of protein per ml, as determined with the Micro BCA protein assay reagent (Pierce) after solubilization with 1% SDS. After incubation at a temperature specified in each experiment, samples were withdrawn and chilled to 0°C, portions were treated with proteinase K (100 ,ug/ml) for 30 min, and the enzyme was inactivated with 1 mM phenylmethylsulfonyl fluoride. The protease-treated and untreated samples were mixed with an equal volume of 10% trichloroacetic acid, and precipitates were washed with acetone and subjected to SDS-polyacrylamide gel electrophoresis. The pro-OmpA and OmpA bands, the identities of which had been confirmed immunologically (data not shown), were quantitated with the densitometer.
RESULTS
Cs mutations in the secY region. Riggs et al. (21) reported on the isolation of a series of mutations which caused increased expression of a secA-lacZ fusion gene. Such mutations were expected to cause some defect in the protein secretion mechanism, because the expression of secA is known to be elevated under conditions of impaired protein secretion. Some of these mutations caused Cs growth phenotypes, and a few of them were mapped in the sec Y locus of the chromosome (21) .
Additional Cs mutations in this region of the chromosome were obtained by mutagenizing cells of a strain carrying the secA-lacZ fusion gene with ethyl methanesulfonate and screening them for blue colonies on agar plates containing XG and PETG. PETG was included to partially inhibit P-galactosidase and thereby to reduce the background color (21) . The cells were then examined for linkage between the Cs mutation and a TnJO insertion near secY. Two mutants, Cs39 and Cs4O, which exhibited clear cold sensitivity as well as linkage to the transposon, were subjected to further examination. The mutations were introduced into the fresh background of MC4100 by joint P1 transduction with zhd-33::TnJO, and transductants that received the Cs mutation from Cs39 (CU164) or Cs4O (CU165) were used.
The inability of CU164 and CU165 to grow at low temperatures (20 to 230C) was complemented by plasmid pKY6 (25) carrying secY' as the sole chromosomal gene. the 2.8-kb
PstI fragment of the rplN-rpsM operons was excised from the chromosomal DNA, cloned, and sequenced for the sec Y region. The Cs39 and Cs4O mutants contained a single-basepair change, G -C--A * T, at residues 5363 and 5380 of the rplN (spc) operon (numbering according to Cerretti et al. [9] ). These mutations are hereafter called secY39 and secY40, respectively. The corresponding changes in the SecY protein product would be Arg-357 to His and Ala-363 to Ser for secY39 and secY40, respectively. These residues reside in the same putative cytoplasmic loop, cytoplasmic domain 5 (1), of SecY (Fig. 1) .
The prlA1012 mutant contains the wild-type secY gene. Brickman et al. (6) reported an extragenic suppressor mutation, prlA1012, which restored the growth and protein secretion defect of the secASl mutant at 37°C. The mutation was mapped close to the prlA3 mutation by P1 transduction.
Although this mutation by itself does not cause any appreciable defect in protein secretion, it causes slow growth, especially at 30°C. We cloned and sequenced the secY gene from this mutant and found no deviation from the wild-type sequence. Thus, the mutation responsible for slow growth and suppression of secA51 should be in a gene closely linked to but distinct from sec Y (priA).
Protein secretion in the secY39 mutant. The secY39 and secY40 mutants were examined for their ability to secrete MBP and OmpA by pulse-labeling of cells for 90 s at permissive (37 to 39°C) or nonpermissive (23°C) temperatures, immunoprecipitation, and SDS-polyacrylamide gel electrophoresis. Labeling of the precursor forms indicates a retardation in secretion (translocation) across the cytoplasmic membrane. The secY39 mutant markedly accumulated the precursor forms at 23°C (see below), but the secY40 mutant accumulated only minute amounts of the precursor forms, even after a prolonged incubation (up to 8 h) at the nonpermissive temperature (data not shown). Figure 2 shows the labeling patterns of MBP and OmpA in the secY39 mutant at various times before and after a shift from the permissive (37°C) to the nonpermissive (23°C) temperature. This mutant responded very rapidly to the temperature shift. As early as 1 min after the shift, both MBP and OmpA proteins were labeled predominantly as precursor forms (Fig. 2A, lane 2) , and the proportion of the precursor forms increased only slightly after 1 to 2 h of exposure to the nonpermissive temperature (lanes 5 and 6).
The pulse-chase kinetics of MBP and OmpA were then determined in wild-type and secY39 mutant cells growing at 39°C as well as after a shift down to 23 against the chase length (Fig. 3) . Wild-type cells at 390C exhibited rapid and complete secretion of both proteins immediately after their synthesis (Fig. 3A) . Export of OmpA molecules in the wild-type cells was delayed at 23 and 15'C, taking, respectively, about 2 min (Fig. 3C , open circles) and 5 min (Fig. 3E, open circles) We carried out similar pulse-chase experiments at 27 to 35°C and found that the rates of MBP and OmpA export at these temperatures were roughly comparable to those at 39°C (data not shown). Thus, it seems that there is some critical temperature between 27 and 23°C below which the secY39 mutant becomes restricted.
In vitro translocation activity of membrane vesicles. The rapid response of the sec Y39 mutant to the temperature shift suggests that, in this mutant, temperature may affect some reaction parameter of translocation in which the altered gene product of secY participates. Such a notion supports the hypothesis that the SecY protein directly catalyzes the transmembrane movement of polypeptides. Thus, this mutant may provide a better system for studying the SecY requirement for protein translocation in vivo and in vitro than does the sec Y24 mutant, the secretion-defective phenotype of which is fully expressed only after about 2 h of growth at the nonpermissive high temperature (25) . In vitro reproduction of the sec Y24 defect also requires either in vivo (3) or in vitro (12; Y. Akiyama, unpublished results) preincubation to inactivate the gene product.
We carried out in vitro translocation of pro-OmpA at various temperatures by using inverted membrane vesicles prepared from wild-type and secY39 mutant cells that had been grown at 37°C. The bacterial strains used for the in vitro experiments all carried the ompT::Kan mutation to avoid possible cleavage of SecY by the OmpT protease after cell disruption (2) . An (Fig. 5) , in which the extents of translocation (proportions of proteinase K-resistant OmpA species) were plotted against the incubation time.
The reaction of 370C with the wild-type membrane rapidly yielded processed and proteinase K-inaccessible (translocated) OmpA; the maximum level (about 65% translocation) was reached in 10 min (Fig. 5, open circles) . Proteaseresistant materials were not observed without incubation (Fig. 4, lane 2) or when a membrane-disrupting detergent, Triton X-100, was present during the digestion (data not shown). Also, pro-OmpA remained totally unprocessed and proteinase K accessible after incubation at 370C for 80 min without added membranes (data not shown). In contrast to the above-described results, pro-OmpA translocation was significantly slower and much less complete when membranes from the secY39 mutant were used; after 80 min, the 2) , 20 (lanes 3 and 4), 40 (lanes 5 and 6), and 80 (lanes 7 and 8) min. Cytoplasmic membrane vesicles were isolated from AD202 (secY ompT::Kan) (A and C) and AD208 (secY39 ompT::Kan) (B and D). Odd-numbered samples were not treated with proteinase K (Prot. K) whereas even-numbered samples were treated with proteinase K before electrophoresis. p, Precursor; m, mature.
proteinase K-inaccessible fraction amounted to only about 20% (Fig. 4B and Fig. 5, open squares) . Essentially similar results were obtained at 30 and 23TC (data not shown).
In vitro translocation was carried out at an even lower temperature, 15'C. pro-OmpA translocation into the wildtype membrane was only slightly slower at 15'C than at 37TC, and the extent of translocation was unchanged (Fig. 4C and Fig. 5, closed circles) . In contrast, the membrane vesicles from the secY39 mutant were extremely inactive in supporting pro-OmpA translocation at 15TC (Fig. 4D and Fig. 5, closed squares) . In the above-described experiments, it was observed that whereas virtually all the processed molecules were sequestered in the reactions with the wildtype membranes (Fig. 4A and C) , only less than half of the mature-sized product was sequestered into the proteaseinaccessible compartment in the reactions with the mutant membranes ( Fig. 4B and D) .
DISCUSSION
Mutations that map in sec Y or its vicinity and cause slow or lethal growth at low temperatures have been characterized. Although the mutation prlAl012 has been believed to be an allele of sec Y (priA) and has often been cited as genetic evidence for an interaction between the gene products of secA and secY, the present results indicate that it is in a gene different from sec Y. It is likely that the suppression of the secA mutation is due to a mutation in a nearby ribosomal protein gene. This idea is reasonable in light of the observations that some mutations in the protein synthesis cleaved prematurely by the leader peptidase in some contaminating "right-side-out" vesicles.
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